Integrated STEAM education in South Korea is an approach to preparing a quality STEM workforce and literate citizens for highly technology-based society. Through a literature review, this study examined the STEAM education initiative in South Korea and investigated its effects on learning and teaching. Studies in South Korea found that teacher professional development courses increased teachers' recognition of the initiative as well as their confidence in teaching STEAM. Teacher interviews showed that coaching in classroom practices within teachers' professional development was helpful. Although studies reported that many science teachers adopted STEAM in science teaching, there was a lack of research on how teachers taught STEAM lessons, let alone the connections between teachers' perceptions of STEAM and their classroom practices. As for STEAM effects on student learning, a number of meta-analyses showed that students' experiences with STEAM were effective in both cognitive and affective learning. The effect was higher in affective domains. Interviews with college students who had STEAM experiences in grade school showed that the effects could be long-term. The metaanalysis studies failed to identify significant mediating factors, which required further indepth research on how contextual variables function in student learning. This paper provides a glimpse of what can be achieved through STEAM efforts, and what should be further researched for better theory and practice.
Introduction
Understanding science and mathematics knowledge and practices, as well as technological and engineering practices, has become a priority for national education programs across the world (Kelley & Knowles, 2016) . The United States Next Generation Science Standards (NGSS) includes engineering design and practices as primary elements of science education (NGSS Lead States, 2013) . The UK has also put forth educational policy agenda promoting science, technology, engineering, and mathematics (STEM) integration both in and out of schools (STEM Learning, 2018) . Germany also created a national STEM forum to promote STEM education for all levels of education, formal and informal (Nationales MINT (STEM) Forum, 2014) . Similarly, the Ministry of Education in South Korea issued a nation-wide policy agenda in 2011, which included the promotion of integrating science, technology, engineering, arts, and mathematics education (STEAM hereafter). All these efforts in developed countries to reform STEM education are to meet the challenges of the twenty-first century which require strengthening the workforce in STEM areas to address global issues and STEM literacy for a new era (Kelley & Knowles, 2016) .
Integrated STEAM education in South Korea is an approach to preparing a quality STEM workforce and literate citizens for highly technology-based society by integrating science, technology, engineering, arts and mathematics in education. It is named differently from STEM due to its emphasis on arts (fine arts, language arts, liberal arts, and physical arts) as an important component of integration. While the STEAM reform movement is in alignment with STEM reform in other countries, its added component, i.e., arts, was inspired by the concurrent social discourse on education for creativity and a well-rounded citizen in the twenty-first century (Baik et al., 2012) . Also, the national concern for students' low confidence and interest in learning science regardless of high achievement (Organization for Economic Co-operation and Development, 2013) factored in promoting the integration of arts with STEM education for affective goals. A similar idea now can be found elsewhere (e.g., Henriksen, 2014; The STEAM journal, 2013) . Since then, the South Korean government has allocated a substantial educational budget for promoting STEAM through various routes. With the idea of creating innovative thinkers by integrating ideas from STEAM fields, i.e., all subjects in schools, the term, 'convergence education' has been coined and used to refer to the integrated STEAM education initiative. Convergence refers to creating new ideas or products formed by interdisciplinary or multidisciplinary thinking. Thus, the main goal of integrated STEAM education is to develop 'talents in convergence '. This study examined STEAM education initiatives in South Korea and investigated their effects on learning and teaching. In doing so, we gain insight into future directions of STEAM or STEM education research and practices.
Integrated STEM education in the literature
Because South Korean STEAM education is informed by and aligned with STEM initiatives in other countries, a review of STEM education in international literature would provide a context for understanding STEAM education in South Korea. Based on a growing need for literate citizens in a highly technological society, and an increasing national need for a STEM workforce, a recent curricular reform movement calls for an integrated approach to teaching science and mathematics in which technology and engineering provide methods and contexts of learning (National Academy of Engineering and National Research Council, 2014) . For example, Bybee (2010) calls for quality science education that includes technology and engineering:
A true STEM education should increase students' understanding of how things work and improve their use of technologies. STEM education should also introduce more engineering during precollege education. Engineering is directly involved in problem solving and innovation, two themes with high priorities on every nation's agenda…. the creation of high-quality, integrated instruction and materials, as well as the placement of problems associated with grand challenges of society at the center of study. (p. 996).
Whereas there have been initiatives for integrated STEM education in a number of developed countries including South Korea, the mechanisms of integration for STEM disciplines and instructional approaches are largely undertheorized (National Academy of Engineering and National Research Council, 2014) . Given the limited research, instructional design for integrated STEM can be informed by the literature on problembased learning (PBL) . In a number of reviews on integrated STEM programs, researchers found that integrated STEM programs commonly utilize real-world complex problems as instructional contexts in which students apply knowledge and practices from multiple disciplines (Banks & Barlex, 2014; Kelley & Knowles, 2016; Lynn, Moore, Johnson, & Roehrig, 2016 ; National Academy of Engineering and National Research Council, 2014) . PBL is a well-researched and widely accepted student-centered instructional approach in which students are given an ill-structured real-world problem to investigate viable solutions for by applying knowledge and skills from various sources (Hmelo-Silver, 2004; Savery, 2006) . PBL helps students develop knowledge involved in problem solving and cognitive skills such as critical and analytical thinking. Additional characteristics of PBL such as working in collaborative groups and engaging in selfdirected learning lead to learning outcomes such as communication competency and motivation to learn. This approach was succinctly summarized in Hmelo-Silver (2004) .
In PBL, student learning centers on a complex problem that does not have a single correct answer. Students work in collaborative groups to identify what they need to learn in order to solve a problem. They engage in self-directed learning (SDL) and then apply their new knowledge to the problem and reflect on what they learned and the effectiveness of the strategies employed.… The goals of PBL include helping students develop 1) flexible knowledge, 2) effective problem-solving skills, 3) SDL skills, 4) effective collaboration skills, and 5) intrinsic motivation. (p.235).
Drawing on this literature, integrated STEM education programs could anticipate similar learning processes and outcomes. PBL is also considered to be critical for integrated STEM education because unstructured problem solving is considered one of the key twenty-first century competencies (Organization for Economic Co-operation and Development, 2016) .
PBL in science education typically involves scientific practices, but PBL of integrated STEM education programs have an additional unique feature originating from engineering and technology education. In many integrated STEM education programs design practices in technology and engineering is increasingly emphasized (Fortus, Dershimer, Krajcik, Marx, & Mamlok-Naaman, 2004; Kelley & Knowles, 2016; NGSS Lead States, 2013) . These are also influenced by art education that addresses design processes reflecting the practices of architects, graphic designers, industrial designers, landscape architects, etc. (Davis, 1998; Sanders, 2012) . Many integrated STEM programs include problems that require design in which students create a prototype or a model as a solution for a given problem. In these programs, a set of design practices guide students' problem solving, which is sometimes called design-based activity (e.g., Fortus et al., 2004) . Table 1 compares design processes in the area of technology (International Technology Education Association, 2007) , engineering (National Research Council, 2010) , and art education (Davis, 1998) . The design activities in different areas have common processes, from problem identification to the evaluation of multiple solutions because they are all problem-based activities. Furthermore, design problems are all real-world problems that require considerations of constraints, optimization and trade off in design process. Also important is, "concern for users or audiences, human factors," (Davis, 1998, p. 8) which requires empathy, i.e., being sensitive to other people's needs and feelings. In addition, all the design processes are described as teamwork in which collaboration and communication are emphasized (Davis, 1998; National Research Council, 2010) .
Design activities provide a context for STEM integration in which learning and application of science and mathematics concepts and practices occur as students work in teams to find solutions for real world problems (Fortus et al., 2004; Kelley & Knowles, 2016) .
Studies about STEM programs have found that explicit scaffolding for integration is essential (Fortus et al., 2004) . For example, during simple mechanical device design activities, Crismond (2001) found that inexperienced high school students made few connections between designs and science ideas and rarely applied science ideas learned in one activity to another. On the other hand, experts like university engineering design instructors spontaneously made connections to concepts and utilized concepts in making key design decisions. Similarly, Berland and Steingut (2016) also found that high school students engaged in engineering design tend to focus on completing design tasks without consistent effort to understanding the underlying concepts from mathematics or science. They found that students rarely saw the value of understanding the concepts behind designs. These studies suggest that integrated STEM learning environments should help students investigate relevant concepts and understand how concepts support design goals. In order to avoid students' framing of design activities as mindless trial-and-error exercises (Scherr & Hammer, 2009) , conceptual goals must be made explicit to help students recognize the value of conceptual goals as well as technical goals. In doing so, integrated STEM education can be effectively materialized in the classroom.
Whereas there has been some discussion on similarities and differences between scientific and engineering practices (Fortus et al., 2004; National Academy of Engineering and National Research Council, 2014; NGSS Lead States, 2013) there has been a dearth of research on scientific practices as learning outcomes of integrated STEM programs. In order to make STEM integration meaningful for effective coordination of practices from different disciplines, as well as conceptual learning, further research is needed. 
Contexts of integrated STEAM in South Korea
A unique feature of integration for STEM in South Korea is an integration of STEM with arts that encompasses fine arts, language arts, liberal arts, and physical arts. STEAM programs in South Korea therefore call for all school subjects to be involved, which can provide rich learning opportunities. Whereas integrated STEAM initiatives in Korea include education both in and out of school (Jho, Hong, & Song, 2016) , most STEAM programs in South Korea focus on programs for school education. Thus, this paper addresses STEAM initiatives for elementary and secondary school programs. South Korea adopts a national curriculum that covers grades 1 to 12 over 6 years of primary school, and 3 years of lower and 3 years of upper secondary school. The curriculum for grades 1 and 2 is thematically integrated, whereas the curriculum for grades 3 to 12 includes subjects such as science, technology, mathematics, language arts, social studies, and fine arts. Up to lower secondary school, a certain number of class hours across all subjects is required for all students as part of compulsory education. School subjects are more divided in upper secondary school curriculum. For example, science is divided into physics I and physics II, chemistry I and chemistry II, life science I and life science II, earth science I and earth science II. In upper secondary school, students select subjects to specialize in, while a minimum number of credits are required in different subject areas for a diploma.
Although Korean science curriculum addresses STS (science, technology, and society) issues in secondary school sciences, technology is offered as a separate subject required for all upper primary and lower secondary school students. The technology curriculum has evolved a great deal over the past half century. Initially, it addressed building artifacts from wood, metal, electric components and other materials. Since the '90s, engineering and computer use has been included in its content. In a recent revision of the national curriculum, ICT (information and communications technology) content is separated from the technology curriculum, and is required of all secondary school students (Korea Ministry of Education, 2015) . Thus, the individual disciplines of STEAM are all required for every secondary school student.
Consistent with the discipline-based curriculum, secondary teachers in South Korea are prepared to teach a specific discipline that they majored in their undergraduate degree program, whereas elementary teachers are prepared to teach all subjects. Science teachers, for example, are prepared in physics, chemistry, biology, or earth science teacher education programs. Similarly, there are separate technology and ICT teacher education programs. There are also secondary teacher education programs at the master's degree level for those who want to teach the discipline they studied for their bachelor's degrees.
The discipline-based school curriculum has changed a little by including programs for "creative experience" (CE) as required credits. These programs are designed by teachers, and provide career exploration and club activities in which interdisciplinary knowledge and skills as well as affective outcomes are expected. Thus, some teachers design CE programs for STEAM education (Korea Foundation for the Advancement and Creativity, 2019) . In terms of required course hours, the current 2015 Revised Korean National Curriculum requires 9~13% of total class hours to be CE across elementary and secondary schools (Korea Ministry of Education, 2015) .
STEAM reform initiative in South Korea
Since the late '90s, South Korea has observed a decrease in STEM career aspiration among young age groups, and student interest in learning science has remained low (Martin, Mullis, Foy, & Hooper, 2016) . In high schools, students select sciences much less often than the humanities or social studies, and universities are compelled to accept less qualified applicants for STEM majors (Jang & Kim, 2002) . This has led to national concerns for global economic competitiveness.
STEAM reform initiatives have arisen as a result, and their impact has been researched. Significant national funding for research and development for STEAM has been devoted to two major areas: teacher professional development, and STEAM curricular program development. The funding from the Ministry of Education is provided to a government agency called the Korea Foundation for the Advancement and Creativity (KOFAC) that organized programs for STEAM initiatives. Jho et al. (2016) described the entire structure of the initiative in their paper, and in this section, the main programs for STEAM initiatives are briefly reviewed.
Teacher capacity in STEAM
Since the beginning of the governmental STEAM initiative in 2011, KOFAC has provided teacher professional development for STEAM to both elementary and secondary school teachers through two programs: formal teacher professional development programs (STEAM PD hereafter), and a STEAM research group of teachers (STEAM-RGT hereafter) support program. The STEAM PD provides formal courses to teachers of all levels and subjects for free of charge. Whereas the number of course hours has changed since 2011, PD has kept its format of three levels: online courses as an introductory level, a basic blended program, and an advanced blended program. The online course consists of 15 h and is offered in three types: one for elementary, one for lower secondary and the last for upper secondary school teachers. The courses are offered to teachers across all subjects who are interested in learning about the initiative. The introductory online course provides an overview of STEAM for teachers to understand the policy agenda, its basic goals, and orientation toward approaches to teaching integrated STEAM lessons. Almost half of the course introduces examples of STEAM lessons and demonstrations, which distinguish courses for teachers at different school levels. This introductory online course is available at any time, and teachers get one credit for taking the 15-h online course.
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The basic blended program is designed for any teachers who want to know more about STEAM. This program used to be 60 h-long, but is now 45 h-long, awarding 3 PD credits. The basic program has two major elements: to get teachers familiar with cutting-edge science and technology by observing science and engineering labs and to expose them to STEAM programs developed for schools. The purpose is to get teachers ready for teaching STEAM lessons. In principle, the program addresses competency for teaching STEAM in the classroom including subject matter knowledge, pedagogical content knowledge (PCK) for integrated content, teaching strategies, and teachers' own STEAM literacy development (Korea Foundation for the Advancement and Creativity, 2019). This program includes three, full day, face-to-face workshops in the summer in which participants visit cutting-edge STEM research labs, take lectures from scientists, engineers, and scholars in the arts and humanities whose work involves interdisciplinary research, get introduced to existing STEAM programs for schools, and develop their own STEAM lesson plans as a team. During the semester following the summer workshop, teachers are required to teach at least 15 STEAM lessons with online consulting for implementation. Toward the end of the semester, teachers are provided with an opportunity to share the results of their STEAM lesson implementation with other participants during a half-day sharing session. Thus, the basic program lasts for about four months in total. Annually, about 300 (150 elementary and 150 secondary) teachers are recruited for the program.
The advanced PD program is open to any STEM teachers or teachers who have finished the basic program. This advanced course used to be 60 h-long, but is now 52 h-long, awarding 3.5 PD credits. The main goal for teachers is to develop competency in creating STEAM contents for teaching (Korea Foundation for the Advancement and Creativity, 2019). Upon completion, teachers are expected to be leaders who can lead STEAM professional development in their schools or local educational agencies. The program consists of a four-day workshop in the summer, followed by mandatory implementation of STEAM lessons in the fall. Annually, about 300 (150 elementary and 150 secondary) teachers are recruited for the course. The formats of the basic and advanced programs are very similar, but the basic program focuses on using ready-made STEAM programs, while the advanced program focuses on the creation of new STEAM lesson materials.
The STEAM-RGT support program exists to support teachers' self-guided professional development by facilitating teacher groups' work as learning communities (Jho et al., 2016) . KOFAC calls for STEAM-RGT applications and provides those selected with financial support for attending meetings, and for materials to implement STEAM lessons with. These STEAM-RGTs are responsible for creating STEAM lesson plans, implementing them, and reporting their effects on student learning. In 2011, the first year of the STEAM initiative, 47 STEAM-RGTs from 16 STEAM schools (schools that implement STEAM programs) were funded. In the following year and thereafter, 180 STEAM-RGTs have been selected for funding annually. Half of the groups are composed of elementary teachers, and the other half are composed of secondary teachers. In 2018, the number of STEAM-RGTs funded increased to 230 groups, indicating a rise in governmental support for STEAM PD (Korea Foundation for the Advancement and Creativity, 2019). Although the initial STEAM-RGTs were formed within a school, many STEAM-RGTs are now cross-school communities.
Teachers of STEAM RGTs are provided with an annual opportunity to showcase their teaching in the form of a conference. In addition to financial support, professional development workshops and mentoring have been instituted since 2015 to support STEAM-RGTs. Jho et al. (2016) reports a case study of STEAM-RGTs.
Teachers apply every year for STEAM-RGT support funding, and typically half of the teachers applying are new. It is very common to find teachers who have taken three formal STEAM PDs applying for STEAM-RGT funding, indicating that STEAM PD motivates teachers to further their STEAM competency.
STEAM curricular program development
Since 2012, STEAM teaching and learning materials development projects are funded to provide teachers with evidence-based effective STEAM curricular materials. Projects are funded in four areas: thematically integrated STEAM, technology-use STEAM, science and art integrated STEAM, and future career related STEAM. The topics for thematically integrated STEAM programs have been cutting-edge STEM topics such as autonomous vehicles, big data, artificial intelligence, and human brain research. In the area of technology-use STEAM program development, researchers utilized smartphone applications, drones, Arduino and other recent technologies as major technological tools for student learning. Science and art integrated STEAM programs center on music and art curriculum. Future career related STEAM programs introduce recent STEM development such as blockchain technology, data mining, and intelligent farming in relation to a variety of industrial field and jobs.
The number of projects funded has varied annually from 10 to 20 projects per each area. Each project is expected to develop curricular materials for at least 24 class periods in elementary or secondary schools. As a Research and Development project, materials should be tested in schools and their effects should be measured and reported. Also, a common assessment of student interest and teacher satisfaction across all projects is administered to evaluate overall effects. As of June 2019, a total of 666 program modules developed and tested are available at the STEAM homepage hosted by KOFAC (Korea Foundation for the Advancement and Creativity, 2019).
Commissioned by KOFAC, a framework for the STEAM program was developed (Baik et al., 2012) and has been widely used. The framework integrates science learning with design under the motto of 'emotional touch with creative design' (Korea Foundation for the Advancement and Creativity, 2019). The framework utilizes PBL and emphasizes developing talents in integrated STEAM thinking by increasing interest in science and technology, connecting lessons to everyday experience, and developing creative thinking skills. Also emphasized are three features of STEAM lessons including use of personally or socially relevant problems, application of creative design for problem solving and emotional experiences such as interest, a sense of achievement, intellectual satisfaction, passion, confidence, fun, and so on. An example of STEAM curricular materials development project can be found in Kim and Chae (2016) . In the study, the research team developed a series of lesson materials (lesson plans, worksheets, and teacher guides) whose goals were to help students understand how a Korean wind instrument works, design their own wind instrument, and perform for an audience. The curricular content included parts of STEAM disciplines across 10 lessons. Students were expected to understand the science of sound through technological measurement, and then engineering the design of an instrument and performing on it were expected to provide emotional experience. This curricular program is typical of science and art integrated STEAM curricular materials development projects that integrate components of the national curriculum of all relevant subjects. Thus, the materials could be easily utilized in schools. Other types of STEAM curricular materials developed were similar in terms of using the PBL centered design framework.
In late 2015 and early 2016, following five years of the initiative, a nationwide survey was administered about the degree to which STEAM programs are provided in schools (Korea Foundation for the Advancement and Creativity, 2019). Out of 11,526 elementary and secondary schools in nationwide, 56% responded to the survey, which showed that 55% of elementary schools, 48% of middle schools, and 32% of high schools offered STEAM lessons to their students. Most of these schools offered STEAM lessons mainly through regular classes (67% of responses) once or twice a month (60% of responses). This appeared to be a very fast diffusion over five years. As a reason for offering STEAM lessons, teachers' own initiative was most frequently mentioned (28% of responses), while support from the school district came second (22% of responses). This showed that the STEAM initiative has successfully onboarded teachers, and its implementation took both top down and bottom up approaches.
STEAM effects
Presented in this section are reviews of studies on the effects of the STEAM initiative in three aspects: teacher development in STEAM, meta-analysis of STEAM impact on student learning, and students' perceptions of STEAM lessons.
Teachers in STEAM
Since the inception of the STEAM reform initiative, teacher capacity building has been emphasized. Research on teachers for STEAM were identified using "teachers" (in Korean) and "STEAM" as search words in two major academic paper search engines in Korea (Korean Studies Information Service System [KISS] and Research Information Sharing Service [RISS] ). From the search results, papers whose titles had STEAM and teachers together were included in the review, but non-empirical studies were eliminated. Furthermore, studies about early childhood or preservice teachers were excluded for review because they were not yet the main target of the STEAM initiative. Thus as of 2017, a total of 28 empirical studies about teachers in STEAM reform initiatives were identified. These studies examined teacher perceptions of STEAM and/or teachers' capacity of implementing STEAM in schools.
Teacher perceptions
Teacher perceptions of STEAM have been a significant topic of research as teachers are a critical factor in instructional reform (Wallace & Kang, 2004) . In the beginning of the STEAM initiative, a study showed that only 10% of elementary teachers in a large school district indicated that they were aware of the STEAM initiative (Shin & Han, 2011) . A nationwide survey of secondary teachers also demonstrated that 93% of teachers either only knew the name, or did not know what the initiative was about at all . This has changed a great deal over the years to the extent that 28% of elementary or secondary teachers initiate offering STEAM lessons in schools (Korea Foundation for the Advancement and Creativity, 2019).
Successful implementation of reform initiative requires more than materials, resources, or professional development for teachers. Teachers would respond to STEAM with unique attitudes and beliefs, and thus each teacher would implement STEAM differently. In order to identify necessary supports for various teachers' needs, a diagnostic model called the Concerns-Based Adoption Model (CBAM) has been used as a tool (American Institutes for Research, 2018 ). In the model, teachers' concerns are examined in seven stages of concern including no concern, informational concern, personal concern, managerial concern, consequential concern, collaboration concern, and refocusing concern. Among these stages, consequential concern (concern about the effect on students), collaboration concern (interest in collaborating with colleagues), refocusing concern (interest in adaptation for better effect) are high level concerns that represent proactive attitudes toward implementing the reform initiative. In other words, teachers with high levels of concern for these three types are willing to adopt and/or adapt the reform initiative.
Six studies used parts of, or a complete CBAM survey, to identify teachers' perceptions of STEAM. Two of the studies examined elementary teachers' concerns for STEAM in which one of them surveyed teachers in STEAM schools and the others surveyed teachers in normal schools (Chae & Noh, 2014; Lee, 2014a) . Studies showed that more teachers in STEAM schools demonstrated higher level concerns. For example, the degree of refocusing concern in STEAM schools was on an average 84 on the scale, whereas the average degree in normal schools was 58. Similar trends were also found in other studies that examined both elementary and secondary school teachers. Teachers in STEAM schools or teachers of STEAM-RGT had more high-level concerns. Taken together, the more teachers were involved in STEAM, the higher level of concerns are prevalent among teachers.
A study compared perceptions of teachers who had been leaders of the STEAM initiative in their schools and those who never experienced STEAM (Moon, 2015) . In the study, teachers who were leaders of STEAM demonstrated high scores on consequential, collaboration and refocusing concerns. The other group scored highly on managerial concern. Interviews with these teachers confirmed the survey results, and also revealed different perceptions about STEAM between the two groups of teachers. Through experiences, STEAM leaders tended to view STEAM lessons as flexible, so that they could be adapted to local needs. They were more confident in its effect on student learning than those who didn't teach STEAM. The other group, however, tended to view STEAM as a highly structured teaching model and as a reform fad that would soon to be replaced with another fad. The difference between the two groups, teachers who taught STEAM, and those who did not teach STEAM, was also found in a study about collective teacher efficacy (Lee, 2014b) . Whereas teachers' collective teacher efficacy (efficacy belief about teachers in one's own school) was not related to teachers' years of teaching, teachers who taught STEAM lessons demonstrated significantly higher collective teacher efficacy than those who did not. Again, the more teachers were involved in STEAM the more proactive and confident they were in STEAM.
A KOFAC commissioned survey report on teachers' perceptions of the STEAM lessons provided an overall view of teachers' own STEAM teaching . Using the same survey questions responses from 1,815 elementary and secondary teachers were collected between 2014 and 2017. Eight survey items in the 5-scale Likert asked about the innovativeness of STEAM lessons, their relation to cutting-edge STEM, connection to everyday life, and ability to stimulate student interest in learning STEM. The average response was positive, ranging from 4.1 to 4.3 each year. Overall, teachers who implemented STEAM seemed to perceive that their teaching met the STEAM reform intention.
Taken together, these studies showed that in a relatively short period of time, the STEAM initiative became widely known among teachers, and that a rather large proportion of teachers implemented STEAM in schools. Studies also found that the teachers who taught STEAM had positive perceptions of STEAM, meeting the goals of the STEAM initiative.
Teacher implementation capacity
When it comes to implementation, teaching capacity, and other challenges teachers perceive matter the most. Studies about teacher professional development have supposedly addressed how much capacity teachers were able to build through STEAM PD. For example, Han, Hwang, and Yoo (2016) examined who was participating in STEAM PD and the effect of STEAM PD since the inception of STEAM reform. Over three years, 696 teachers participated in PD at the advanced level. Thirty-eight percent were elementary teachers, and 65% had more than 10 years of experience in teaching. Also, 78% of the secondary teachers were teaching science. Thus, it seems that more experienced teachers and science teachers tended to pay attention to the initiative. Using surveys and reflection papers of 696 participants, the study found that professional development programs were effective in improving teachers' STEAM teaching competency thanks to built-in implementation and reflection elements. Participant teachers reported that a cycle of STEAM lesson planning during face-to-face meetings over the summer, implementation of the lessons in the subsequent semester, and sharing of implementation results were useful for them in building confidence and improving their STEAM teaching capacity (Han et al., 2016) .
Park, Byun, and Sim (2016) examined how teachers in STEAM schools implement STEAM lessons in regards to frequency and curriculum organizations. Responses from a total of 705 teachers from 252 elementary and secondary STEAM schools were analyzed. The results showed that about 70% of teachers taught STEAM lessons either an hour every week or every other week. Given the study was conducted at the end of the fifth year of the initiative, the results showed a very successful rate of teacher adoption of STEAM in schools.
The study also showed that elementary and lower secondary teachers (66% of elementary and 74% of lower secondary school teachers) provided STEAM mostly as a part of regular curriculum, but only 50% of upper secondary school teachers taught STEAM in regular classes. Because the Korean curriculum is discipline-based, it is important to know whether STEAM lessons are taught during classes of various subjects to meet the goal of interdisciplinary or convergence education. The results showed that 75% of elementary teachers taught STEAM in science class, while 25% of lower secondary school teachers and 50% of upper secondary school teachers taught STEAM in science class. These results should be carefully interpreted. In general, STEAM lessons were associated with science more than any other subjects. Given the general trend, it is plausible that elementary teachers who teach all subjects tended to consider science as the main content of STEAM lessons, while lower secondary school teachers treated it as being multidisciplinary, encouraging teachers across multiple subjects to teach STEAM lessons. With regard to upper secondary schools, only half of the teachers taught STEAM lessons in regular classes, while science was the dominant subject to be used.
On the other hand, special classes for STEAM could be interdisciplinary in its nature. Further research on patterns of teacher implementation is necessary.
To find out necessary support for teachers' implementation of STEAM, Park et al. (2016) also surveyed what teachers felt challenging in teaching STEAM lessons, and whether the perceived challenges differ according to teachers' years of teaching. They found that there was no significant difference in teachers' perceived challenges. All the teachers in the study felt they needed more time to prepare STEAM lessons, though worried about increasing their workloads due to STEAM.
More detailed challenges were revealed in another study. J.-M. Lee and Shin (2014) interviewed 25 elementary teachers about their perceived challenges in teaching STEAM lessons. The common difficulties cited included curriculum reorganization and constructing STEAM lesson materials, guiding students' group activities, conducting proper student assessment, and a conservative school climate. Addressing these challenges experienced by teachers would be critical for successful STEAM in schools.
Connections between perceptions and implementations
There has been little research connecting teacher perceptions and implementations. To gain insight into potential connections, the results of three research studies that reported interviews about teachers' perceptions and implementations (Kang et al., 2017; Kang & Kim, 2015; Kang, Lee, Rho, & Yoo, 2018) were reanalyzed for this review. Among the total of 25 teachers interviewed in those reports, 2 secondary teachers had no experience teaching STEAM lessons, 4 of the teachers taught STEAM but stopped teaching STEAM lessons (drop-outs), and the other 19 teachers were teaching STEAM at the time of the interview. Among the 25 teachers, 10 were teaching in elementary schools, 9 were teaching science, 2 were teaching mathematics, 1 was teaching technology, and 3 were teaching social studies, English and art respectively.
All the teachers interviewed perceived STEAM as a way to integrate two or more disciplines in using everyday connections. Also, they believed that STEAM lessons could be a way to stimulate student interest in science learning and school learning in general. However, when the teachers had to elaborate on how to teach STEAM, their ideas diverged. To the two secondary teachers who never taught STEAM, STEAM was a way to extend students' science learning to be more well-rounded in terms of content, while student problem solving or design element of STEAM was not essential. Thus, integration became, "addition of extra content to the existing science content to be covered" (Kang & Kim, 2015) . A similar view was also demonstrated by most of the elementary teachers. Although they were teaching all subjects and thus could have easily integrated subjects into STEAM lessons, most of the elementary teachers viewed STEAM lessons as science with some 'spice' of relevant content from different subjects. An issue salient to the elementary teachers was to, "make sure the content to be integrated is in the curriculum for the grade" (Kang et al., 2017) . The teachers were concerned about teaching at their students' levels and constrained the content of STEAM lessons to the curriculum for the grade of their teaching. This result corroborated survey results by Park et al. (2016) in which most elementary teachers stated they taught STEAM in science classes. To these teachers, the main purpose of integrated STEAM was to make science intriguing and engaging.
On the other hand, most secondary teachers expressed that they felt a need to schedule a special class for STEAM for a number of reasons. They viewed STEAM as requiring, "a special way of teaching" that incorporated problem-or project-based approaches with multidisciplinary content. Thus, these teachers preferred club activities or special classes provided afterschool where students could be engaged in STEAM activities for an extended time. This made the subject-specific school schedule irrelevant. Again, this result corroborated survey results by Park et al. (2016) that showed half of upper secondary school teachers taught STEAM in special classes. To these teachers, the discipline-based curriculum was a serious barrier to integrated STEAM, and they avoided the barrier by using non-regular class time.
However, some of these teachers had also taught STEAM in regular class periods, in collaboration with teachers across multiple disciplines. For example, an art teacher, technology teacher and a science teacher planned a lesson on 'light' as a theme, where the culminating project was to build an LED lamp in a variety of shapes and colors of their choice. For this project, students learned basics in each subject, while the project was completed in technology class (Kang et al., 2017) .
The findings showed that seemingly the same ideas about the nature of integrated STEAM actually diverged in practice. Thus, understanding of teachers' perceptions of STEAM should be accompanied by understanding of their pedagogical practices (Kang & Wallace, 2005) .
STEAM teacher drop-outs
The four teachers who stopped teaching STEAM had a number of reasons. Two of them (teacher A and B hereafter) had transferred to different schools. Teacher A's new school was running a different reform initiative for which he had to work on. He wanted to continue teaching STEAM, but he felt it was not possible without school support. On the other hand, teacher B was optimistic about continuing to teach STEAM lessons, but she was, "looking for teachers who could work together" (Kang et al., 2017) . The other two drop-outs were both math teachers. They felt STEAM did not properly address math content and wanted to have more mathematics-focused STEAM programs. These issues of attrition can be generalized to any teachers who want to teach STEAM lessons. Changing schools always requires finding teachers at the new school to collaborate with on creating and implementing STEAM lessons. This might be more challenging when a new school aims at a different educational agenda. Also, teachers who are concerned with content coverage may feel that interdisciplinary lessons fall short of enough in-depth content learning.
STEAM-RGT could be a solution for the issue of school transfers and developing new STEAM programs to meet the teachers' needs. When there is a lack of within school support, teachers can get support from STEAM-RGTs when they are formed with member of different schools. Also, STEAM-RGTs can be formed by teachers who share concerns and goals such as mathematics-focused STEAM program development.
Little research has been conducted about how STEAM-RGT works. Whereas teachers' learning community has been researched widely (Cochran-Smith & Lytle, 1999; McLaughlin & Talbert, 2001; Wineburg & Grossman, 2000) , STEAM-RGT is unique as they focus on developing interdisciplinary curricular materials. Two studies in South Korea were found to have examined STEAM-TRG groups' work. In particular, one study examined how teachers of different disciplines or subject matter had overcome disciplinary differences and were able to work together to create STEAM lessons collaboratively (Lee, Lee, & Ha, 2013) . To understand the communication processes, the researchers interviewed teachers, observed teachers' group discussions, and examined reflective essays. The study used the notion of a trading zone by Galison (2010) in its analysis, showing an evolutionary process from the beginning of group formation until the implementation of collaboratively developed STEAM lessons. In the process, teachers encountered and overcame a number of challenges including cultural and linguistic differences across disciplines, different motivations for integration, and various understandings of what makes meaningful integration. This study and the other (Jho et al., 2016) examined successful or exemplary cases of on-going STEAM-RGTs. To find out ways to facilitate and support STEAM-RGTs, further research on the process of continuation or discontinuation of STEAM-RGTs and related processes is needed.
Meta-analysis of STEAM impact on student learning
Many studies in South Korea examined STEAM effects on student learning. Two major academic search engines in Korea (RISS & KISS) were used to identify research papers on STEAM's impact on student learning, using "learning" (in Korean) and "STEAM" as search words. Eliminating all studies about pre-school students, 357 papers published between 2011 and 2016 were found. Of these, 160 addressed student learning from STEAM lessons empirically. These studies report different sizes of STEAM effect on students learning while their measure of student learning and aspects of student learning were all different in one way or another. In this context, a meta-analysis can be a good way to estimate the overall effect of STEAM on student learning. Most studies about student learning from STEAM showed positive effects, but the size of the effects differed across studies. Furthermore, some studies found statistical significance in certain variables while others did not. Meta-analysis is a statistical procedure that can help make sense of these differences. When the treatment effect (or effect size) is inconsistent from one study to the next, meta-analysis can be used to identify a common effect by treating each study as one data point in a larger population of studies (Borenstein, Hedges, Higgins, & Rothstein, 2009; Hunter, 2004) .
A total of 11 meta-analyses were published in peer-reviewed journals in Korea from 2012 till 2018. Among these 11 studies, 6 analyzed papers only on STEAM in elementary and secondary schools that STEAM initiative aims. Table 2 provided an overview of the 6 studies.
The number of papers analyzed in the studies varied not only because of the time of study, but also because some of the studies included non-experimental study (experimental group only design) while the others included only quasi-experimental studies.
The meta-analysis results showed medium to high effects on student learning (Table 2 ). These studies also examined a number of variables that could moderate the effect. The moderators examined included sample size, number of STEAM class periods, lesson product types, lesson mediums, student types (gifted or not), grades or school levels, types of emotional experience, number of integrated subjects, class types (regular or non-regular class), and gender. Most of these variables did not significantly moderate the effect size. The moderators that had significant effects in some studies were non-regular class type (effect on affective domain, Cho, 2018; , use of ICT mobile tools (effect on affective domain, Rho & Yoo, 2016) , and elementary level (effect on technology-centered STEAM, . However, the same moderators did not have significant effects in other studies Shin, 2018) .
Given the overall positive effects of STEAM on student learning across all metaanalyses, the effect sizes varied across diverse dependent variables. Among the six studies, two that examined all the dependent variables in research provided an overall picture of STEAM effects on students. The mean effect size in the two studies was medium (Table 2) . analyzed research published between 2011 and 2016 while Shin (2018) analyzed research published between 2012 and 2018. Also, the two analyses were different in that examined STEAM effect on both elementary and secondary, but Shin (2018) only analyzed STEAM effect only on elementary students. Although their analysis methods were different and thus the results were not directly comparable, the end results from the two studies showed to be quite similar (Table 3) .
The two studies found significant effects in similar variables. STEAM seemed to have different degrees of effects on various aspects of learning outcomes. More effective aspects included affective domain, career aspiration, thinking skills and so on. These results were in alignment with the goals of STEAM initiative that wants to go beyond content learning. Because one study may measure multiple variables and provide multiple effect sizes, typically the number of effect sizes is bigger than the number of papers Table 3 Dependent variables in two studies Shin ( 
Student perceptions of STEAM
As reviewed in the previous section students' affective domains such as attitudes towards STEM and interest in learning STEM were influenced the most by STEAM programs. However, there is little research on how students perceive STEAM lessons in comparison with regular ones. Annual survey reports on student perceptions of STEAM programs commissioned by KOFAC and two research papers provided an overall picture of how students experienced STEAM in schools (Kang et al., 2017 Lee, Chung Lee, Shin, Chung, & Oh, 2013; Lim et al., 2014 . A report examining the long-term effects of STEAM as perceived by students also exists (Kang, Im, et al., 2018) .
Distinct features of STEAM classes
The annual commissioned reports used the same survey questions to find out student perception of and satisfaction with STEAM lessons implemented in STEAM schools and lessons provided by STEM-RGTs or STEAM curricular program developers funded by KOFAC. Students' perceptions about STEAM lessons were examined with eight questions concerning general satisfaction, a sense of fun, a sense of challenge, and the features of STEAM lessons they liked the most or least. Among the questions, responses to two questions revealed how students experienced STEAM class. Students were asked about the most distinct feature of STEAM class in comparison with regular classes, and which aspect of STEAM classes they favored the most. Students had to choose one feature from six: integration of subjects, student-centered focus, group work, self-guided work, everyday relevance of STEM, and STEM career information. Over the past three years, every year exhibited similar results. More than half of all students, both elementary and secondary, selected either the integration of subjects or group work as the most distinctive feature of STEAM classes, also nominating either of the two as their favorite feature of STEAM classes.
Students' perceptions were presented in their own words by Lim et al. (2014) . The study analyzed interviews with 24 6th grade students about their perceptions of STEAM after 12 class periods of a STEAM unit on energy. The students indicated that they enjoyed student-centered design activities and discussion on diverse topics about a problem (interdisciplinary nature). They stated that they were, "more focused than listening to the teacher talking," and that they found discussion on diverse topics engaging (p. 125). On the other hand, the students stated that thinking for themselves and coordinating different ideas within a group were very challenging. These results aligned with the annual student survey results. Further qualitative in-depth research on student experience with STEAM would help to understand how STEAM can be effective and may shed light on ways to make STEAM learning more meaningful.
J. Lee, T. Lee, Shin, Chung, & Oh, (2013) examined students' pictures of people talented in convergence, and whether the images differed between students who had taken STEAM classes versus those who hadn't. In the study, students were asked to draw a picture of a person talented in convergence with a brief explanation. Analysis of the drawings showed a difference between two groups of lower secondary school students (n = 90). Students who had previously taken STEAM classes (n = 41) presented images with collective cognitive processing (39%) such as images of many people sharing ideas or different experts working together, but none of students from the no STEAM experience group (n = 49) presented collective cognitive processing. Most of those from the non-experienced group depicted images of individual cognitive processing such as famous individuals, a person thinking alone (76%) or famous inventions. Although further research on where their images came from is necessary, the results along with the survey results in other studies indicate that STEAM class could provide proper images of the interdisciplinary nature of current STEM fields. Also, students would understand what to expect when they choose a career in any STEM field.
Student perceptions on long-term effect
The quantitative studies about the effect of STEAM on student learning, as shown in the meta-analysis papers, demonstrated positive immediate effects because they measured student learning outcomes soon after STEAM interventions. However, there was a lack of research on long-term effects. A KOFAC commissioned report surveyed college students who had experienced STEAM programs in secondary school years, and asked those who with no STEAM experience to compare their perceived effects on STEAM or science-related school work during secondary school years (Kang, Im, et al., 2018) . A sample of those who had STEAM experience were also interviewed about their views on the effects of STEAM lessons and its perceived long-term effects.
With comparable proportions of undergraduate majors, 157 STEAM experienced and 142 non-experienced college students' survey responses were analyzed. A total of 37 from the STEAM experienced group were interviewed. All the interviewees were college freshmen or sophomores who were mostly science or engineering majors, apart from a few nursing majors.
The main comparison made between the two groups from the survey was whether they felt STEAM experience (for experienced group) or science related school work (for non-experienced group) improved 13 specific core competencies promoted by STEAM and the national science education curriculum. The college students were asked how effective STEAM (or science-related schools work) was on a 5-scale for each competency. With independent t-tests, it was found that on all items except 'confidence in science and mathematics' , the STEAM experienced group rated significantly higher (p < .001) than those without experience (Table 4) .
Interview data complemented the survey results. The most frequently mentioned positive aspect of STEAM lessons from interviews was self-directed problem solving. Out of this type of activities, they stated, they gained confidence, identity as science learners, and a sense of achievement. Interviews also showed that challenges given during the self-directed problem solving were closely related to the increase in self-esteem. This was also related to entrepreneurship. Many of the interviewees stated that they tended to try out things that were seemingly difficult thanks to their STEAM experience. This corroborated meta-analysis results in that the students perceived affective or emotional experience as significant outcomes.
Another common positive aspect of STEAM was teamwork. The students related their improved ability of communication and caring for team members to long-term group work they had in STEAM classes. These students felt that their STEAM experiences were unique and different from typical school learning. This was particularly salient in their teamwork skills because they could easily compare themselves with others during college team projects.
In the interviews, the positive effects from STEAM experiences were commonly related to their perceived long-term effects on their college studies. Most of the students stated that self-directed learning skills and teamwork skills helped their college classes and many of them contrasted themselves with those who were weak in the skills who had no previous STEAM experience.
The interviews also showed that the STEAM effects on affective domains were related to their decisions regarding college majors and career aspirations. In particular, many engineering and science majors in the interview stated that their decisions about their college majors were informed by their STEAM experience.
Interestingly, many of the engineering majors mentioned that their STEAM experience directly helped their coursework, because they had very similar experiences in high school STEAM lessons. Apparently, engineering design elements of STEAM prepared engineering majors for their college work.
Taken together, the results from interviews with college students who had experienced STEAM corroborated meta-analysis results. Also, the results provided a glimpse of how STEAM programs could have produced relatively long-term effects on students.
Conclusions and implications
This study examined the STEAM initiative in South Korea and reviewed the studies about its effects on teaching and learning. Based on a literature review, evidence of the effects, challenges, and further research topics were identified. Studies have shown that the STEAM initiative was well received by teachers. In terms of increasing teacher capacity to teach integrated STEAM lessons, studies in South Korea found that teacher professional development courses increased teachers' recognition of the initiative and confidence in teaching STEAM. Teacher interviews showed that coaching in classroom practices within teachers' professional development was helpful. This could be related to studies about teacher perceptions that revealed differences between teachers who had taught STEAM lessons (teachers in STEAM schools or STEAM-RGTs), and those who had not. Teachers' STEAM teaching capacity could be strengthened by professional development with elements of collaborative and/or reflective classroom implementation. Further research on effective STEAM professional development program design principles is necessary. It was also found that there was a lack of research on the connections between teachers' perceptions of STEAM and their classroom practices. In particular, the high frequency of using science classes for teaching STEAM should be carefully examined in relation to how teachers perceive what STEAM is. Unless science classes are allocated more time in the curriculum, STEAM would be a burden to science teaching, when STEAM is considered less multidisciplinary learning, and more of a new way of teaching science. Furthermore, the interdisciplinary nature of STEAM would be lost, failing to achieve the goal of 'creative convergence' in learning. Given the current discipline-based curriculum, STEAM should be carefully conceptualized, and strategies for teacher collaborations across different subjects should be carefully planned.
As for STEAM effects on student learning, a number of meta-analyses provided an overall picture of the effect. The studies reported that the STEAM initiative, to some degree, achieved intended learning outcomes. Meta-analysis showed that students' experiences with STEAM were effective in cognitive and affective learning. In particular, the effect was higher in affective domains. Interviews with college students who had STEAM experiences in grade schools showed that the effects could be long-term. These students perceived that their earlier STEAM experience better prepared them for college, and improved competencies such as communication and teamwork skills. On the other hand, the meta-analysis studies showed that there were few significant mediating factors. For example, it was found that student grades, lesson medium, and so on did not have significant effects. Further in-depth research on how STEAM programs interact with students is necessary to understand how those variables function in the classroom.
This review demonstrated that the integrated STEAM initiative in South Korea somewhat achieved its goals, while revealing shortcomings in both research and practice. As STEAM has utilized PBL, the positive outcomes were consistent with those expected from PBL (Hmelo-Silver, 2004) . However, there is a lack of research on the effect of the interdisciplinary nature of STEAM. The interdisciplinary aspect of STEAM should be further studied as a unique feature and goal in order to inform ways of designing meaningful interdisciplinary activities for STEAM. Given the various methods by which to make learning activities interdisciplinary (Banks & Barlex, 2014; National Research Council, 2012) , further research on different effects from different ways of integration is necessary. Research on these topics should be accompanied by research on student learning process and its effects. Linking program designs and implementations with specific outcomes should further develop integrated STEAM programs and their effects.
Given the global emphasis on twenty-first century competencies (e.g., Organization for Economic Co-operation and Development, 2016; Partnership for 21st Century Learning, 2009), the integrated STEAM initiative in South Korea and similar initiatives in other countries would have continuing, if not increasing, momentum. Thus, this study provides a glimpse of what can be achieved through such efforts, and what should be further researched for better theory and practice.
